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PDSCa b s t r a c t
Biodiesel is a fuel composed by fatty acid esters, usually methyl esters (FAME), have common structural
features, as allylic hydrogens, bis-allylic hydrogens and secondary hydroxyl, that determinate its oxida-
tive stability. In this study, the oxidation temperature (OT) of biodiesels formulated from a mixture
design of methyl stearate, methyl oleate, methyl linoleate and methyl ricinoleate was determined by
pressurized differential scanning calorimetry (PDSC). The generic representation CaHbH

cH

d H

e O2ðOHÞf
for the mixtures was developed and their coefﬁcients were used as parameters to describe the OT. A
non-linear dependence of OT with the descriptors of allylic hydrogen Hc , bis-allylic hydrogen H

d and sec-
ondary hydroxyls ðOHÞf were observed in the empirical domain Dexp = {(a;c,d, f) 2 R3; 0 6 c 6 4 and
0 6 d 6 2 and 0 6 f 6 1 and a = 19}, where the Ca parameter for chain length was kept ﬁxed.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Biodiesel is a fuel consisting usually of a mixture of fatty acid
methyl esters (FAME) from natural sources, such as animal fats,
vegetable oils, frying oils and microalgae [1]. The fatty chains of
these raw-materials vary signiﬁcantly in relation to the amount
of unsaturations, allylic hydrogens, bis-allylic hydrogens and
hydroxyls, leading to different physicochemical properties among
them [2–8], as oxidative stability.ll rights reserved.
.
os Reis Albuquerque).The oxidative stability is deﬁned as the resistance to initiate
autoxidation, photooxidation or thermoxidation. One form to ob-
serve the oxidative stability is evaluate the oxidation temperature
(OT) from accelerated method, as thermal analysis. The knowledge
of a function that predict the OT value is fundamental for quality
control of biodiesel and to reduce the necessity of extensive anal-
yses from each new proposed biodiesel composition developed by
blending or by new raw-materials.
Several studies have determined the oxidation susceptibility
of fatty compounds as a function of their majority composition
[7–10]. Classical works with oils, reported oxidation indices as a
function of fatty chain composition. Cosgrove et al. [7] proposed
586 A. dos Reis Albuquerque et al. / Fuel 102 (2012) 585–591a formula [0.02 (%oleic) + (%linoleic) + 2 (%linolenic)]/100 for
soybean oil oxidation index. Fatemi and Hammond [9] deter-
mined a relationship between hydroperoxides formed at room
temperature in puriﬁed olive and soybean oils as [(% oleic) + 10.3
(% linoleic) + 21.6 (% linolenic)]/100. In those formulas the repre-
sentative fatty chains for the systems take into account the unsat-
uration degree. However, the hydroxylated chains have been
considered an excellent alternative for blending with unstable
biodiesels [11]. Thus, this component cannot be neglected in a
general formula for oxidative stability prediction.
A quantitative relation between 1H NMR signals and the OT,
start temperature, oxidation active energy and rate constant of oxi-
dation by differential scanning calorimetry (DSC) was determined
by Adhvaryu et al. [6]. The advantage of this methodology is that
no determination of chemical composition is needed, since the
fatty chains oxidative stability are dominated by few and common
molecular structures, such as allylic and bis-allylic hydrogens.
Moser [12] determined the OT by PDSC at 1398.75 kPa, dry air
and heating rate of 10 C min1 for 24 fatty acids methyl and ethyl
esters and observed structural trends that elucidated oxidative sta-
bility as the fatty acid chain length, the number of double bonds,
stereochemistry and unsaturation position, and hydroxyl groups.
In this study, the oxidation temperature (OT) of biodiesels formu-
lated from amixture design ofmethyl stearate (C18:0), methyl oleate
(C18:1), methyl linoleate (C18:2) and methyl ricinoleate (C18:1, 12-OH)
was obtained by pressurized differential scanning calorimetry
(PDSC) and a generic representation CaHbH

cH

d H

e O2ðOHÞf for the
mixtures was developed to describe a quantitative approach. The
mixture design was evaluated using statistical procedures to ob-
serve the dependence of the OT with the descriptors of the generic
representation.2. Materials and methods
2.1. Mixture design
The FAME stearate (S), oleate (O), linoleate (L) and ricinoleate
(R) – all with purity >99.8%, Sigma–Aldrich – were used without
further puriﬁcation. The compounds were stored in amber glass
container at 15 C until utilization.
The samples were divided into ﬁve groups labeled A–E to sim-
plify the visualization of the matrix design. Group A contains the
four unmixed FAME; group B 12 ternary mixtures at a ratio of
1:1:4 (mol/mol/mol); group C six binary mixtures 1:1 (mol/mol);
group D four ternary mixtures 1:1:1 (mol/mol/mol); and group E
contains a quaternary mixture 1:1:1:1 (mol/mol/mol/mol). Fig. 1
shows the geometric representation of the mixtures.
The mixtures can be represented in terms of the proportion of
the ith component in the mixture (xi), as (Sx1Ox2Lx3Rx4). AllFig. 1. The geometric representation of the FAME mixtures.mixtures labels and mass required for PDSC analysis (5.0 mg/anal-
ysis) are displayed in Table 1.
The response function can be expressed in its canonical form as
a low degree polynomial [13,14] (Eqs. (1)–(4)), where the terms x1,
x2, x3 and x4 represents the molar fraction of the stearic, oleic, lin-
oleic and ricinoleic, respectively, in the mixture. The y^ is the pre-
dictive dependent variable (oxidation temperature – OT) as a
function of the factors xi using the regression coefﬁcients bi, bij, bijk
and dij. The models were evaluated as linear (Eq. (1)), quadratic
(Eq. (2)), special cubic (Eq. (3)) and full cubic (Eq. (4)), considering
a signiﬁcance level of 5% (p-value <0.05).
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X4
i¼1
bi xi ð1Þ
y^ ¼
X4
i¼1
bi xi þ
X4
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The linear model involves only four terms which are strictly
additive descriptors of the mixture using characteristics of only
the pure components. The quadratic model permits the description
of possible synergic (bij > 0) and antagonistic (bij < 0) binary inter-
actions measured by the bij parameters (i, j = 1–4; i < j). The special
cubic and full-cubic models consider interactions between three
components.
Statistical analysis was done using STATISTICA Version-10 Trial
(StatSoft, Inc. 2011) to plot response surface and performer multi-
ple regression analysis and analysis of variance (ANOVA) to verify
the explicative power of the predictors variables. In the context of
the mixture design, the ﬁt is nothing more than a special case of
least-squares ﬁtting, when the sum of the proportions of the
different components of a mixture is always 100% [14].
2.2. The generic representation for FAME mixtures (biodiesel)
The natural fatty chains that compose the biodiesel are struc-
turally related. This fact allows to write a generic ‘‘molecular for-
mula’’ for this mixture taking into account some functional
groups and different molecular sites for chemical reactions.
The pseudo-molecular formula and a general structure for
biodiesel are displayed in Fig. 2. In these, all descriptors present
in the saturated, monounsaturated, polyunsaturated and C-12
hydroxylated fatty chains are considered. In the pseudo-molecular
formula CaHbH

cH

d H

e O2ðOHÞf , the indices a–f are not necessarily
integer values, been: (a) the average length of fatty chain, (b) the
hydrogens not allylic, bis-allylic, vinylic or hydroxyl, (c) allylic
hydrogens, (d) bis-allylic hydrogens, (e) vinylic hydrogens and (f)
the average number of hydroxyl groups.
The indices of pseudo-molecular formula are determined by a
weighted mean (Eq. (5)):
iða—f Þ ¼
Pf
j¼awjcjPf
j¼acj
ð5Þ
where the index i(a–f) varies over the interval a to f, wj is the index of
the structural descriptor for each component in the pure FAME and
Table 1
Mixtures representation of FAME (Sx1Ox2Lx3Rx4) and the mass required for analysis.
Groups Molar fraction Mixtures representation Mass/mg by analysis
x1 x2 x3 x4 Sx1Ox2Lx3Rx4 S O L R
A 1 0 0 0 S1O0L0R0 5.0 0.0 0.0 0.0
0 1 0 0 S0O1L0R0 0.0 5.0 0.0 0.0
0 0 1 0 S0O0L1R0 0.0 0.0 5.0 0.0
0 0 0 1 S0O0L0R1 0.0 0.0 0.0 5.0
B 2/3 1/6 1/6 0 S4O1L1R0 3.3 0.8 0.8 0.0
1/6 2/3 1/6 0 S1O4L1R0 0.8 3.3 0.8 0.0
1/6 1/6 2/3 0 S1O1L4R0 0.8 0.8 3.3 0.0
2/3 1/6 0 1/6 S4O1L0R1 3.3 0.8 0.0 0.9
1/6 2/3 0 1/6 S1O4L0R1 0.8 3.3 0.0 0.9
1/6 1/6 0 2/3 S1O1L0R4 0.8 0.8 0.0 3.4
2/3 0 1/6 1/6 S4O0L1R1 3.3 0.0 0.8 0.9
1/6 0 2/3 1/6 S1O0L4R1 0.8 0.0 3.3 0.9
1/6 0 1/6 2/3 S1O0L1R4 0.8 0.0 0.8 3.4
0 2/3 1/6 1/6 S0O4L1R1 0.0 3.3 0.8 0.9
0 1/6 2/3 1/6 S0O1L4R1 0.0 0.8 3.3 0.9
0 1/6 1/6 2/3 S0O1L1R4 0.0 0.8 0.8 3.4
C 1/2 1/2 0 0 S1O1L0R0 2.5 2.5 0.0 0.0
1/2 0 1/2 0 S1O0L1R0 2.5 0.0 2.5 0.0
1/2 0 0 1/2 S1O0L0R1 2.4 0.0 0.0 2.6
0 1/2 1/2 0 S0O1L1R0 0.0 2.5 2.5 0.0
0 1/2 0 1/2 S0O1L0R1 0.0 2.4 0.0 2.6
0 0 1/2 1/2 S0O0L1R1 0.0 0.0 2.4 2.6
D 1/3 1/3 1/3 0 S1O1L1R0 1.7 1.7 1.7 0.0
1/3 1/3 0 1/3 S1O1L0R1 1.6 1.6 0.0 1.7
1/3 0 1/3 1/3 S1O0L1R1 1.6 0.0 1.6 1.7
0 1/3 1/3 1/3 S0O1L1R1 0.0 1.6 1.6 1.7
E 1/4 1/4 1/4 1/4 S1O1L1R1 1.2 1.2 1.2 1.3
Fig. 2. The pseudo-molecular formula and general structure of biodiesel.
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instance, we is 0, 2, 2 and 4 to H⁄⁄⁄ in the C18:0, C18:1, C18:1; 12-OH
and C18:2, respectively.
The molar fraction cj of each component can be obtained di-
rectly in absolute values from chromatography. On the other hand,
the coefﬁcients can be obtained in relative values from spectro-
scopic analysis, as NMR, in a quantitative approach, where the
chemical shifts determines the nature of the descriptor (a–f) and
the relative normalized area gives the product wjcj, without the
knowledge of individual components. Similar studies was con-
ducted by Adhvaryu et al. [6] regarding 1H NMR.
To obtain the dependent variable as a function of the coefﬁ-
cients (a–f), one can proceed with a multiple non-linear regression.
Another way is to consider the relation between molar fraction and
the coefﬁcients (a–f) and perform a change of variables (x1, x2, x3,
x4)? (a, . . . , f) in the Eqs. (1)–(4).2.3. Oxidative temperature analysis by PDSC
All PDSC analysis were performed using a differential scanning
calorimeter (DSC Q1000, TA Instruments) coupled to a pressure cell
and calibrated with ultrapure indium. For OT determination, the
samples (5.0 ± 0.1 mg) was placed in a open aluminum crucible
under air atmosphere, initial pressure of 1400 kPa and constant
linear heat rate of 10 C min1 from room temperature to 500 C.
The OT was obtained by the intersection between the extrapolation
of the baseline and the tangent of the ﬁrst exothermic peak. TA
Instruments software was used for data collection and analysis.3. Results and discussion
3.1. Mixture designs
In Table 2 the OT values for the 27 mixtures are shown. The se-
quence of OT values for pure FAME follow the decreasing order:
C18:0 > C18:1 > C18:1, 12-OH > C18:2, in close agreement with literature
reported in similar condictions [12].
To interpret the behavior from the mixtures were applied the
linear, quadratic, special cubic and full cubic models. The ANOVA
results are displayed in Table 3.
The F values (the rate of the mean squares of the regression and
the residual) can be used when there is no evidence of abnormality
in the distribution of the residuals. For all models, the F values ob-
tained were higher than tabulated Fv1,v2 (where v1 and v2 are the
degrees of freedom of effect and error, respectively) which imply
that all models are signiﬁcant. The p-value (probability of achiev-
ing the F value) less than 0.05 indicates that there is a statistical
signiﬁcance difference between the means and conﬁrms that the
all models are signiﬁcant.
Additionally to F statistics results, it should be noted that the
regular R-squared is artiﬁcially increased by the continuous addi-
tion of terms on the models, even if the terms are not statistically
Table 2
Pseudo-molecular formula for FAME mixtures and its OT (C) values.
Group Mixture representation Ca Hb Hc H

d H

e (OH)g OT/C
A S1O0L0R0 C19.00 H38.00 H0:00 H

0:00 H

0:00 (OH)0.00 208.6
S0O1L0R0 C19.00 H30.00 H4:00 H

0:00 H

2:00 (OH)0.00 180.5
S0O0L1R0 C19.00 H24.00 H4:00 H

2:00 H

4:00 (OH)0.00 147.1
S0O0L0R1 C19.00 H29.00 H4:00 H

0:00 H

2:00 (OH)1.00 174.0
B S4O1L1R0 C19.00 H34.33 H1:33 H

0:33 H

1:00 (OH)0.00 175.0
S1O4L1R0 C19.00 H30.33 H3:33 H

0:33 H

2:00 (OH)0.00 171.7
S1O1L4R0 C19.00 H27.33 H3:33 H

1:33 H

3:00 (OH)0.00 149.8
S4O1L0R1 C19.00 H35.17 H1:33 H

0:00 H

0:67 (OH)0.17 190.9
S1O4L0R1 C19.00 H31.17 H3:33 H

0:00 H

1:67 (OH)0.17 180.5
S1O1L0R4 C19.00 H30.67 H3:33 H

0:00 H

1:65 (OH)0.67 177.5
S4O0L1R1 C19.00 H34.17 H1:33 H

0:33 H

1:00 (OH)0.17 174.9
S1O0L4R1 C19.00 H27.17 H3:33 H

1:33 H

3:00 (OH)0.17 147.2
S1O0L1R4 C19.00 H29.67 H3:33 H

0:33 H

2:00 (OH)0.67 163.2
S0O4L1R1 C19.00 H28.83 H4:00 H

0:33 H

2:33 (OH)0.17 172.1
S0O1L4R1 C19.00 H25.83 H4:00 H

1:33 H

3:33 (OH)0.17 150.5
S0O1L1R4 C19.00 H28.33 H4:00 H

0:33 H

2:33 (OH)0.67 165.4
C S1O1L0R0 C19.00 H34.00 H2:00 H

0:00 H

1:00 (OH)0.00 186.9
S1O0L1R0 C19.00 H31.00 H2:00 H

1:00 H

2:00 (OH)0.00 150.8
S1O0L0R1 C19.00 H33.50 H2:00 H

0:00 H

1:00 (OH)0.50 181.5
S0O1L1R0 C19.00 H27.00 H4:00 H

1:00 H

3:00 (OH)0.00 155.7
S0O1L0R1 C19.00 H29.50 H4:00 H

0:00 H

2:00 (OH)0.50 180.3
S0O0L1R1 C19.00 H26.50 H4:00 H

1:00 H

3:00 (OH)0.50 151.2
D S1O1L1R0 C19.00 H30.67 H2:67 H

0:67 H

2:00 (OH)0.00 157.6
S1O1L0R1 C19.0 H32.33 H2:67 H

0:00 H

1:33 (OH)0.33 181.8
S1O0L1R1 C19.0 H30.33 H2:67 H

0:67 H

2:00 (OH)0.33 155.5
S0O1L1R1 C19.0 H27.67 H4:00 H

0:67 H

2:67 (OH)0.33 160.8
E S1O1L1R1 C19.0 H30.25 H3:00 H

0:50 H

2:00 (OH)0.25 162.6
Table 3
Analysis of variance for linear, quadratic, special cubic and full cubic models yˆ (x1, x2, x3, x4).
Model
Linear Quadratic Special cubic Full cubic Total adjusted
SS effecta 5212.912 6187.728 6189.523 6206.929 6219.867
d.f. effectb 3 9 13 19 26
MS effectc 1737.637 687.525 476.117 326.680 239.226
SS error 1006.956 32.139 30.345 12.939
d.f. error 23 17 13 7
MS error 43.78068 1.89053 2.33421 1.84841
Fd 39.69 363.67 203.97 176.74
Fv1,v2e 3.03 2.49 2.60 3.44
pf 2.935E09 1.241E17 8.181E13 1.398E07
R2g 0.838107 0.994833 0.995121 0.997920
R2adj
h 0.816990 0.992097 0.990243 0.992273
a Sum of squares.
b Degrees of freedom.
c Mean square, MS = SS/d.f.
d F = MSeffect/MSerror.
e Fv1,v2 value tabulated, where v1 and v2 are the d.f. of effect and error, respectively.
f p < 0.05.
g R2 = 1(SSerror/SSeffect total).
h R2adj = 1(dfeffect/dferror)(1R2).
588 A. dos Reis Albuquerque et al. / Fuel 102 (2012) 585–591signiﬁcant. Thus, a large value of R2 does not necessarily imply that
the regression model is a good one [18]. In this sense, the adjusted
R-squared (a measure of the amount of variation around the means
explained by the model) is preferable since the addition of unnec-
essary terms not always increase the R2adj value. Therefore the R
2
adj
value, is more suitable as a criterion for choosing the best model.
The quadratic, special cubic and full cubic models explained
more than 99% of the total OT variance, while linear regression
model was less signiﬁcant. The adjusted R-squared followed the
order: full cubic > quadratic > special cubic  linear.
The Table 4 shows the applied models for OT response. In these,
the linear model (Eq. (6)) is composed only by the non-interacting
terms, which are strictly additive descriptors bi. Thus, the onlyaddictive response presented low coefﬁcient of determination
between the observed and predicted values (Fig. 3a). Its residuals
values (Fig. 3b) are higher than the other models.
The addition of six parameters like bijxixj on linear model to
build the quadratic model (Eq. (7)), improved signiﬁcantly the ob-
served ﬁt. In this model, all coefﬁcients are signiﬁcant (p-value
<0.05) and the response includes 10 terms, where the binary inter-
action terms contains stearic and linoleic are antagonistic. The
coefﬁcient for the binary term x2x4 (oleic/ricinoleic) presented
synergism.
From the quadratic model, the addiction of the parameters bijk-
xixjxk to form the special cubic (Eq. (8)) do not improved signiﬁ-
cantly the ﬁt of the surface, likewise the inclusion of the term
Table 4
Regression models for response yˆ by linear, quadratic, special cubic and full cubic models. Bold-faced coefﬁcients indicate those that are signiﬁcant at the 95% conﬁdence level.
Model Equation Standard error
Linear y^ ¼ 191:988x1 þ 179:624x2 þ 132:224x3 þ 170:771x4 ±3.768 to xi Eq. (6)
Quadratic y^ ¼ 207:873x1 þ 181:187x2 þ 148:622x3 þ 173:483x4  32:597x1x2  109:501x1x3
35:674x1x4  32:913x2x3 þ 12:005x2x4  39:808x3x4
±1.2307 to xi
±5.3562 to xixj
Eq. (7)
Special cubic y^ ¼ 207:853x1 þ 181:093x2 þ 148:433x3 þ 173:566x4  31:781x1x2  107:413x1x3
37:254x1x4  29:815x2x3 þ 11:435x2x4  39:106x3x4  32:123x1x2x3
þ16:499x1x2x4  0:362x1x3x4  13:754x2x3x4
±1.3961 to xi
±7.2623 to xixj
±45.1819 to xixjxk
Eq. (8)
Full cubic y^ ¼ 208:831x1 þ 180:676x2 þ 147:372x3 þ 174:065x4  31:833x1x2  107:406x1x3
37:391x1x4  29:678x2x3 þ 11:428x2x4  39:054x3x4  26:035x1x2x3 þ 3:565x1x2x4
5:435x1x3x4  1:835x2x3x4  7:827x1x2ðx1  x2Þ  36:655x1x3ðx1  x3Þ
þ6:106x1x4ðx1  x4Þ þ 9:873x2x3ðx2  x3Þ  1:367x2x4ðx2  x4Þ þ 14:861x3x4ðx3  x4Þ
±1.3498 to xi
±6.4628 to xixj
±40.7170 to xixjxk
±14.8707 to xixj(xixj)
Eq. (9)
Fig. 3. (a) Observed versus predicted values of OT and (b) raw residues.
A. dos Reis Albuquerque et al. / Fuel 102 (2012) 585–591 589dijxixj(xixj) in the special cubic model to build the full cubic model
(Eq. (9)). In the special cubic model all ternary terms was not sta-
tistically signiﬁcant, while in the full cubic model the antagonistic
term 36.655x1x3(x1x3) presented p-value <0.05.
By construction, the cubic models are more complete than
quadratic one. However, its additional interaction terms do not im-
proved practical ﬁt, besides the standard error for both unitary and
binary coefﬁcients are higher than the quadratic one. Thus, the
quadratic model is the most suitable system to represent the oxi-
dative stability of FAME mixtures (biodiesel) in this study.
The Fig. 4 shows four ternary diagrams (response surface) by
the quadratic model for the FAME mixtures.
From this surfaces, the extreme values (maximum and mini-
mum) of OT were obtained by a optimization procedure of the
Eq. (7) under the constrain
Pq
i¼1xi ¼ 100% ¼ 1. The maximum
value of OT/C = 207.9 ± 1.23 occurs when methyl stearate is at
100%, as expected. The lower oxidation temperature (OT/
C = 142.8 ± 5.63) has the composition of 22.92% methyl stearate
and 77.08% methyl linoleate, but the interval also include the OT
value (147.1 C) of the 100% methyl linoleate, as expected.3.2. A generic representation for biodiesel
The pseudo-molecular formula for the 27 mixtures are dis-
played in Table 2. Must be observed that some coefﬁcients accept
non integer values when represents mixtures.
The coefﬁcient a is constant for all mixtures because the four
FAME have the same individual index wa. Some coefﬁcients pre-
sents a linear relationship, such as b = 2a2c3df and
e = 0.5c + 1.0d. The coefﬁcients c, d and f for the descriptors H⁄,
H⁄⁄ and (OH) are non-correlated. Thus, the oxidation temperature
can be described as a function of the independent descriptors Hc ,
Hd and ðOHÞf , as showed in Fig. 5.
The H-atom abstraction of lipids in autoxidation reactions is
rate determining [15]. Its activation energy and rate constants
has been shown well correlated with the BDE (Bond Dissociation
Energy) for the homolytic C–H cleavage, which is consistent with
the easiest oxidation in polyunsaturated fatty acids [16]. For the
saturated, monounsaturated and polyunsaturated chains, the BDE
(C–H) are well established: R–H? R + H, 99.4 kcal mol1;
R–H⁄? R + H, 80.6 ± 1.5 kcal mol1; R–H⁄⁄? R + H, 76.60 ± 1.00
kcal mol1 [17]. In the Fig. 5 was observed a decreasing trend of the
OT with the increase of bis-allylic hydrogens (H⁄⁄) in the mixtures.
However, in the results of H⁄⁄ are also observed variations of up to
35 C in the OT, which is due to the dependence of oxidative
stability with other descriptors, mainly H⁄ (inset of Fig. 5). Simi-
larly, OT decreases with the increase of the coefﬁcient c of the
allylic hydrogen (H⁄), which also varies with OH (inset of Fig. 5).
The coefﬁcients c, d and f are connected to the molar fractions of
FAME according to Eqs. (6)–(9), with the constrain Rxi = 1.
x1 :¼ 1 ðc=4Þ ð6Þ
x2 :¼ ðc=4Þ  ðd=2Þ  f ð7Þ
x3 :¼ d=2 ð8Þ
x4 :¼ f ð9Þ
In a general way, the variable change (x1, x2, x3, x4)? (c, d, f) in the
Eqs. (1)–(4) can be performed using the relationships Eqs. (6)–(9),
and the models are directly built as a function of (c, d, f) with the
coefﬁcients bij. Thus, for the quadratic model, the expanded equa-
tion are obtained as Eq. (10), and its estimated coefﬁcients are in
Table 5.
Quadratic ðc; d; f Þ ¼ b1 þ 1=4ðb5 þ b2  b1Þc þ 1=2ðb6  b5
þ b3  b2Þdþ ðb7  b5 þ b4  b2Þf
þ 1=8ðb8  b6 þ b5Þcdþ 1=4ðb9  b7
þ b5Þcf þ 1=2ðb10  b9  b8Þdf
þ 1=16ðb5Þc2 þ 1=4ðb8Þd2þ ðb9Þf 2 ð10Þ
Fig. 4. Response surface of OT/C by quadratic model for the systems (a) SOL, (b) SOR, (c) SLR and (d) OLR.
Fig. 5. Dependence of OT with H⁄, H⁄⁄ and (OH).
Table 5
Quadratic model as a function of the descriptors (c,d, f) and its statistical results. Bold-
faced shows the signiﬁcant terms (p-value <0.05).
Parameters Coefﬁcients Estimated
coefﬁcients
Std. error p-Value
Intercept b1 207.873 1.231 0.000000
c (1/4)(b5 + b2  b1) 14.821 1.405 0.000000
d (1/2)(b6  b5 + b3  b2) 54.735 3.259 0.000000
f (b7  b5 + b4  b2) 10.781 6.518 0.116455
cd (1/8)(b8  b6 + b5) 5.499 1.125 0.000138
cf (1/4)(b9  b7 + b5) 3.771 2.249 0.111940
df (1/2)(b10  b9  b8) 9.450 4.498 0.050874
c2 (1/16)(b5) 2.037 0.335 0.000012
d2 (1/4)(b8) 8.228 1.339 0.000011
f2 (b9) 12.005 5.356 0.038636
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for all models (Eqs. (11)–(14)), and the coefﬁcients A–T can be
determinate by non-linear regression procedure.
Linear ðc;d; f Þ ¼ Aþ Bc þ Cdþ Df ð11ÞQuadratic ðc; d; f Þ
:¼ linearðc; d; f Þ þ Ecdþ Fcf þ Gdf þHc2
þ Id2 þ Jf 2specialcubic ðc;d; f Þ :¼ quadraticðc;d; f Þ þ Kcdf þ Lcd2
þMc2dþ Ncf 2 þ Oc2f þ Pdf 2 þ Qd2f ð13Þfullcubic ðc;d; f Þ :¼ specialcubicðc;d; f Þ þ Rc3 þ Sd3 þ Tf 3 ð14Þ
From the foundations of thermal analysis, it is known that OT re-
sponse is very sensitive to the conditions of analysis, such as heat
rate, air ﬂow, pressure, crucible, atmosphere, sample amount, and
so on. Because of that, a direct application of the estimated values
(Table 5) to predict the OT in others experiments or conditions
can be precipitated without the inclusion of a correction. Addition-
ally, the oxidation stability of biodiesel are deeply impacted by
several extrinsic factors, as light, heat, water, heavy metals, antiox-
idants, and others residual contaminants from the synthesis and
storage process [2,10].
In a particular way, the Eq. (10) describes a non-linear depen-
dence of OT with the descriptors of allylic hydrogen Hc , bis-allylic
hydrogen Hd and secondary hydroxyls ðOHÞf in the empirical do-
main Dexp = {(a;c,d, f) 2 R3; 0 6 c 6 4 and 0 6 d 6 2 and 0 6 f 6 1
and a = 19}, where the Ca parameter for chain length was kept
Fig. 6. Observed versus predicted values of OT values by Eq. (10). The frontiers of
the 95% conﬁdence interval are showed as dotted lines.
A. dos Reis Albuquerque et al. / Fuel 102 (2012) 585–591 591ﬁxed. In Fig. 6 are shown the observed versus predicted values of
OT by Eq. (10).
The advantages of using the pseudo-molecular formula to rep-
resent the biodiesel are: (i) the representation of the composition
as a short and simpliﬁed formula; (ii) the possibility of access
direct structural information from the mixture to understand the
relationship between the structure and properties; (iii) its
structural descriptors presented coefﬁcients highly related to the
properties of interest in the quality control of the biodiesel, as oxi-
dative temperature; (iv) the proposed generic representation for
biodiesel is independent of the response variable obtained in this
study.
As disadvantages, others factors as chain length that inﬂuence
the oxidation temperature in biodiesel [12] was not included. For
the inclusion of this predictor in studied domain would be neces-
sary to access other experimental levels.
4. Conclusion
In this study, a full experimental design with 27 mixtures of
four components (methyl stearate, oleate, linoleate and ricinole-
ate) was developed to simulate a biodiesel and investigate its
oxidation temperature applying non-isothermal PDSC analysis as
response in the linear, quadratic, special cubic and full cubic
models. From that, the quadratic model was choose suitable for
describe the OT.
A pseudo-molecular formula CaHbH

cH

d H

e O2ðOHÞf to repre-
sent the mixtures of FAME was developed in order to express their
most susceptible sites of oxidation and also for various physical
and chemical properties of interest for this biofuel. Thus, was ob-
tained a quadratic relationship for the oxidation temperature with
the structural descriptors allylic hydrogen (H⁄), bis-allylic hydro-
gens (H⁄⁄) and hydroxyl (OH) amount.
The representation for biodiesel developed in this study can be
expanded and used in other systems of FAME. In this sense, newdescriptors to access high levels and a new adjustment to increase
the experimental domain are necessary.
We proposed yet as future approach, a more complete descrip-
tion of biodiesel closer to real, with the most common residues
from the synthetic pathways and storage as being CaHbH

c
Hd H

e O2ðOHÞf ðLOOHÞgðMnþÞhðAntÞi, where LOOH are the hydro-
peroxides, Mn+ the metals and Ant the antioxidants amount.
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